The recent development of new migration methods of micro-particles in liquids using various external fields is reviewed. The combination of a laser scattering force and a photothermal effect produced photothermal-conversion laserphotophoresis. A dielectric field generated in a planer or a capillary quadrupole electrode realized dielectrophoresis. Using a micrometer-scaled magnetic field gradient, the "Magnetophoretic velocimetry" of micro-particles was invented. Furthermore, the Lorentz force generated by combining an electric field and a magnetic field was utilized for electromagnetophoresis. These new methods were overlooked and the advantages in analytical use were discussed.
Introduction
Analytical separation methods of small molecules and ions have been extensively developed so far. For example, HPLC and capillary electrophoresis are widely used in various fields, including environmental chemistry, pharmaceutical chemistry, forensic chemistry and bio-technology. However, as for the separation analysis of macromolecules or micro-particles, such as larger DNA than 40 kbp and larger protein than 10 5 Da, only a few limited methods, such as a pulse-field electrophoresis 1 and a sedimentation analysis, 2 have been used.
Such large molecules have to be decomposed prior to analysis by ordinary analytical separation methods.
In biological or environmental systems, almost all molecules are functioning as various kinds of aggregates, e.g., genes, nuclei, vesicle and cells. Moreover, these micro-particles are working as individual particles. Therefore, in order to know the real function of these bio-particles in liquids, some new methods that can separate and characterize the properties of these particles at the single-particle level are highly required.
Recently, we proposed some new idea to migrate microparticles in liquids utilizing external fields, such as a laserradiation field, a dielectric field, a magnetic field and an electromagnetic field. In this review, these new methods are overlooked and their advantages for the migration of bioparticles are discussed.
Laser-photophoresis
When a laser beam irradiates a micro-particle in a liquid, the particle experiences two different radiation forces by the laser light: a gradient force and a scattering force. When the laser beam is tightly focused by a lens with a large numerical aperture, the particle is trapped at the focal point by the gradient force, known as "optical tweezers"; while the beam is slightly or not focused, the particle is moved forward by the scattering force of radiation pressure, which is termed "photophoresis". The gradient force of a laser beam has been widely studied and already utilized for the trapping, levitation, or manipulation of microparticles or biological cells in liquid media. [3] [4] [5] On the other hand, the scattering force of the laser is less developed for the purpose of the migration analysis of microparticles, though Ashkin had found the existence of such power in 1970. 6 Because the scattering force of the laser light arises from scattering and/or absorption of the light by a particle, the laserphotophoresis has an advantage of being able to migrate any particles that have a refractive index different from that of the surrounding medium.
Another characteristic of laserphotophoresis is that it can migrate an individual particle of interest selectively in a closed cell under a microscope. Furthermore, if the particle absorbs the irradiated laser light, some extraordinary behaviors are observed due to the temperature rise of the particle and the surrounding liquid by a photo-thermal conversion process. The photo-thermal effect gives an additional separation mode to the photophoresis of photo-absorbing particles. Therefore, laser-photophoresis is expected to have a high potential as a new technique for characterizing of a single micro-particle and for the migration and separation of micro-particles in liquid media.
2·1 Photophoretic force and photophoretic velocity
In this review the radiation force in the forward direction, the scattering force, is called the photophoretic force, as shown in Fig. 1 . Assuming a Gaussian profile of the irradiated laser beam, the photophoretic force, Fp, exerted on a small spherical particle at the center of the beam is customarily defined by the relationship [7] [8] [9] Fp = Q,
where P is the incident laser power, n is the refractive index of the suspending media, r is the radius of the particle, c is the velocity of light in a vacuum, ω is the radius of the laser beam at the particle position, and Q is a dimensionless photophoretic efficiency. The term Q represents the fraction of the momentum of the incident light that can be utilized to generate a photophoretic force. For the case of the plane incident beam on a perfectly reflecting or a perfectly light-absorbing spherical particle, Q is equal to unity.
When a spherical particle in a liquid, pushed by a photophoretic force, moves with a velocity of v, the particle undergoes a resistant viscous force from the medium. The resistant force, FR, for a solid spherical particle is expressed by the Stoke's equation,
where η is the viscosity of the medium. Therefore, at a steady state, the photophoretic velocity of the particle in the medium can be written as
This is a general equation for the photophoretic migration of spherical solid particles in a medium.
2·2 Photophoretic efficiency
It is clear from Eq. (3) that the difference in the particle size leads to a different migration velocity, and can be used for sizeseparation. Furthermore, it is important to evaluate the Q value for the particle of interest, in order to analyze and to predict the photophoretic velocity of particles. The origin of the radiation force is momentum transfer of the light to the particle due to the 2nPrQ ----3πcω 2 η 2Pnr 2 ---cω 2 reflection, refraction, and absorption of the laser light by the particles, that is, the scattering of light by particles. There have been proposed two ways to calculate the value of Q: the Rayoptics (RO) theory and the Mie scattering (MS) theory.
In RO theory, the laser beam is disintegrated into individual rays with an appropriate intensity and direction, and then the intensities and the directions of the reflected and refracted rays are calculated. The photophoretic force due to scattering of the laser beam can be evaluated by summing up the momentum changes of individual rays in the forward direction. The details of the RO calculation procedure can be found elsewhere. 7, 8 It is easy to calculate the Q value of transparent particles by the RO calculation. However, it can only be applied to transparent particles, because it is difficult for the RO regime to take into account the effect of light absorption by the particle.
However, in MS theory, the incident laser beam is expressed as an electromagnetic wave, and the interaction between the beam and the spherical particle is evaluated by Maxwell's equations. 10 The photophoretic efficiency was evaluated by estimating the momentum change of the incident light in the forward direction due to the scattering and absorption. 11 The main advantage of the MS regime over the RO regime is that the effects of the laser wavelength and the light absorption on the Q value can be evaluated.
2·3 Photophoresis of transparent micro-particles
The photophoretic behavior of transparent micro-particles, such as latex particles and organic droplets in water, has been examined and applied to the separation of micro-particles. The dependence of the photophoretic velocity on the radius and the refractive index of the particle has been studied in detail on 9 different kinds of organic droplets (1.5 to 4 µm in radius) in water by using a Nd:YAG laser (1064 nm). 8 It was elucidated that the photophoretic velocity of the organic droplet was directly proportional to both the laser power and the radius of the droplet, as predicted in Eq. (3). In Fig. 2 , the experimentally determined values of the photophoretic efficiency for colorless and transparent organic droplets are plotted as a function of their refractive indices. The Q value calculated by the RO regime is also indicated as a solid curve in Fig. 2 Figure 3 shows a plot of the photophoretic efficiency (Q) as a function of the radius of the polystyrene particle. It is clear that the photophoretic efficiency depends on the radius of the particle, and increases with increasing particle radius in this size range. The RO model cannot explain this tendency. The solid waved line in Fig. 3 represents the calculated photophoretic efficiency by the MS model. It is clear that the calculated photophoretic efficiency well reproduces the radius dependency of the experimental data. The result of Fig. 3 is interesting from the viewpoint of size-separation of particles in a medium. The size-separating ability of a laser beam is enhanced for smaller particles, because their velocity is proportional to the radius and Q, which also increases with the radius. It is concluded that the photophoretic behavior of spherical micrometer-sized particles could be accurately estimated by the MS calculation, and that the RO calculation is applicable only for particles larger than the wavelength. We demonstrated the analysis of mixed colorless organic droplets, 2-fluorotoluene and anethole, in water by the deference of the photophoretic velocity. The size separation of transparent particles in water has been reported by Imasaka et al. 12 They proposed "Optical chromatography" for the size separation of particles by radiation pressure combined with counter flow of the medium. In their experiment, a laser beam was focused into the sample solution in a capillary, which was counter-flowed coaxially to the beam. The particle stayed at the position where the radiation pressure and the drag force induced by the flow were balanced. Because the photophoretic force depends upon the radius of the particle, the equilibrium position varied with the particle size, and the radius of the particle could be determined from its equilibrium position. This method was then applied to immunoassay. 13 They used polystyrene particles coated with an antibody, which combined in the presence of the antigen. The free and bounded particles in the solution could be separated by photophoresis, and the ratio of the numbers was determined. The concentration of the antigen in the solution was determined from this ratio.
They also reported the size-determination and size-separation of polystyrene particles in water in an improved way. 14 After separating the particles by "Optical chromatography", the laser power was gradually reduced. This procedure permitted the elution of small-to-large particles in order. The radius of the particle was calculated from the laser power at the time when the particle was eluted with a medium flow.
2·4 Photophoresis of photo-absorbing and photo-reflecting micro-particles
Compared to the case of transparent particles, the photophoretic behavior of photo-absorbing and photo-reflecting micro-particles is still ambiguous. We have reported on the laser-photophoretic migration of carbon, stainless-steel, gold, glass, and polystyrene particles in water. [15] [16] [17] In order to make a precise determination of the photophoretic velocity of these particles, the experiments were carried out under a microgravity condition, because the sedimentation of particles or buoyancy due to the medium limited the experiment under the normal gravity condition. It was elucidated that the photophoretic velocities of the photo-absorbing carbon and the photoreflecting stainless-steel and gold particles were very fast compared to those of transparent particles, as predicted by the MS theory.
The effect of laser photophoresis was investigated in the sedimentation gravity field flow fractionation (FFF) of carbonblack particles in water by Kononenko et al. 18 They showed elution curves with and without laser irradiation, and discussed the possibility of particle separation by the combination of photophoresis and FFF, supported by the theory of the photophoretic force.
For photo-absorbing droplets, very interesting and unexpected photophoretic behaviors were recently found. A "breathinglike" motion, where the droplets repeated expansion and sudden contraction during laser photophoretic migration in water, was observed for the first time by the authors.
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Figure 4 is an example of the photograph for the "breathing" motion of the droplet in water under the laser irradiation of 514.5 nm. The droplet was 2-benzylpyridine, including the Co(III)-pyridylazo complex as a photoabsorber, and 45 mol% water as water in oil (w/o) microemulsion with zephiramin. The absorbance of the organic phase was 75 for a 1-cm path length at 514.5 nm. It was elucidated that the period of the expansion and contraction motion decreased with increasing the absorbance of the droplet and also with increasing the laser power. The complete behavior has not yet been elucidated, but the origin of the motion is considered to be due to phase separation in the droplet by photothermal conversion. This phenomenon will be used as a new signal transducer, depending on the absorption spectrum.
Another extraordinary observation is "negative photophoresis" of photo-absorbing organic droplets. 20 Figure 5 shows an example of photographs for the photophoretic migration of molybdenum blue/2-benzylpyridine droplets in water. The absorbance of the organic phase was 26 for 1-cm path length at a laser wavelength of 1064 nm. It was observed that some droplets migrated in the same direction as the laser propagation (positive photophoresis), while other droplets migrated in the opposite direction (negative photophoresis) as indicated by arrows. To our knowledge, this was the first observation of negative photophoresis in liquid media. "Negative photophoresis" with a parallel light beam could be explained by neither the RO nor the MS theory, because light pressure always gives rise to positive photophoresis. The origin of the negative photophoresis was thought to be due to a photothermal effect induced by laser irradiation. It is well-known that a small particle located in a temperature gradient experiences a force, and that the particle can move in the direction of lower temperature, called thermophoresis. 21 Unequal heat generation on the laser irradiation between the back side and the front side of the droplet will reproduce a temperature gradient in water around the droplet, and the temperature gradient causes negative photophoresis. Negative photophoresis in liquid media will be applicable to separate micrometer-sized particles in liquid, depending on their absorption spectra.
Dielectrophoresis
Dielectrophoresis (DEP) is the migration of a microparticle in a non-uniform electric field, 22 which is caused by an interaction between an induced dipole in the microparticle and the electric field. "Positive DEP" corresponds to migration in which a microparticle goes to a region of stronger electric field, and "negative DEP" is the opposite phenomenon. The strength and direction of the DEP force depend on the dielectric properties of both the microparticle and the medium. The time-averaged DEP force (〈FDEP〉) of a spherical particle in an electric field of alternating current (ac) is expressed as
where re is the radius of the particle, εm the permittivity of the medium, Re[Ke] the real part of the Clausius-Mossotti factor (Ke), ∇ the del vector, and |Erms| 2 the squared electric field intensity (rms: root mean square) of the ac electric field; the underline indicates a complex property. Re[Ke] is simply written as
where σ is the conductivity and, f the frequency of ac; subscripts p and m mean particle and medium, respectively. Positive and negative DEPs correspond to the sign of Re [Ke] .
The fMW refers to the critical frequency (the so-called Maxwell-Wagner) that differentiates the conductivity regime from the permittivity regime, defined as
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We mainly used the type of quadrupole electrode shown in Fig. 6 . Its advantage is that the strength of the electric field generated in the electrode is simply calculated and that it is centro-symmetrical. 24 Figure 6 also displays the shape of ∇|Erms| 2 , which is expressed as:
, where R is the radial distance from the center of the electrode, Urms applied ac voltage (root mean square), and d the radius of the working area circle. 24 The ∇|Erms| 2 value is 0 at the center and maximum at the electrode edge.
A particle migrating in an aqueous medium undergoes a frictional force from the medium. The DEP force is equalized to the friction force, resulting in a relationship between the position (R) of the particle and time (t) as
where α is the DEP mobility, defined as
β is the apparatus coefficient, and η the viscosity of the medium. 25, 26 A dielectrophoretic planar electrode was fabricated by photolithography 25 or a computer-controlled micro laser ablation method; the latter was developed by us recently. 27 The d value of the present quadrupole electrodes was 50 µm or 65 µm. An electrode and its opposite one were wired to the same polarity of ac as shown in Fig. 6 . The DEP behavior of single microparticles was observed with a fluorescence microscope. All of the investigated single microparticles migrated in the radial direction in the working area of the quadrupole electrode. The velocity of the microparticles increased as they approached the electrode, and vice versa. All of the microparticles showed a linear relationship between the logarithmic values of the observed R against t, from which the values of α were obtained.
Carbon spherical microparticles (2.2 µm in radius) showed a positive DEP in a frequency range of 1 kHz -1 MHz. Successive images of their DEP behavior are shown in Fig. 7 . The carbon microparticles migrated toward the electrode edge (positive DEP) at 1 MHz of ac. Glassy or amorphous carbon has a much higher conductivity (about 2 × 10 4 S/m) than the medium (4.6 × 10 -4 S/m), and thus the positive DEP was reasonable.
The conductivity of polystyrene is lower than that of the
medium, predicting only a negative DEP of polystyrene microparticles from Eq. (5). However, all of the relatively smaller polystyrene microparticles (0.35 -1.5 µm in radius) showed a positive DEP in the lower frequency range (1 -100 kHz). The α value for the positive DEP increased along with a decrease in the medium conductivity and with an increase in the electric mobility of a cation of electrolyte, but it slightly depended on the microparticle radius. Furthermore, the observed α value for the positive DEP was larger than the one calculated with Eq. (8) . Figure 8 shows an example of the dependence of α on the ac frequency ( f ) in 1.0 × 10 -3 M HCl, KCl, KOH, and (C4H9)4NCl solutions. The upper limit of α was predicted to be 0.32 s -1 in the lower frequency range. Anionic groups, such as sulfonate or carboxylate, exist on the surface of the polystyrene microparticle, and therefore cations in an aqueous solution exist around the anionic groups. This anomalous positive DEP at the lower frequency has deep relations with the movement of cations around the negatively charged microparticle as well as the surface conductivity in the lower frequency range.
From these results, a dynamic diffusion cloud model of cations in solution was postulated, as shown in Fig. 9 . 28 The thickness of the dynamic cloud corresponded to the distance of cations that were moved by the applied ac electric field, and the radius was defined as the effective DEP radius (rDEP). Under the lower frequency conditions, the ions in the diffusion cloud were moved a longer distance, and thus a larger dynamic cloud was generated. This movement would cause a higher surface conductivity of the microparticle, and would produce a larger DEP force. Hence, rDEP and σp are expressed as 28
where rDEP,l is the limiting value of the DEP radius at a lower frequency ( f → 0), τ the relaxation time, λ0 the limiting value of the surface conductivity of the microparticle at a lower frequency ( f → 0), and σp,h the limiting value of the microparticle conductivity at a higher frequency ( f → ∞). Using these parameters, the DEP mobility was revised as
The larger polystyrene microparticles (7.3 µm in radius) did not show a positive DEP in a frequency range of 1 kHz -1 MHz, implying a larger contribution of the intrinsic conductivity of polystyrene and a smaller contribution of the dynamic diffusion cloud. 29 The ions were not moved at the higher frequency, and remained close to the microparticle surface, as shown in Fig. 9 . Successive images of their negative DEP are also shown in Fig.  7 . The polystyrene microparticles migrated toward the center of the electrode at 1 MHz.
Yeast (Saccharomyces cerevisiae) is a eucaryotic cell like a human cell. Almost all of the yeast cells showed positive DEP in a frequency range of 1 kHz -10 MHz, independent of the viability and binding of a lectin protein (concanavalin A; Con A) to the cell surface. This was mainly attributable to a high conductivity of the interior (cytosol) of yeast cells (σs > σm). 30 However, in a medium of higher conductivity (1.3 × 10 -2 S/m), viable yeast cells showed negative DEP at 10 kHz, caused by a
lower conductivity of the cell wall. The Con A binding was not effective in the DEP of viable yeast cells, but this reduced the positive α value of the non-viable yeast cells at 1 MHz. The effect was brought about by a decrease in the permittivity of the cell wall. A yeast cell has a complicated structure, but the DEP behavior of the yeast cells could be qualitatively explained with a model of a membrane-covered or wall-covered sphere. 31 The DEP behavior of a double-stranded DNA molecule of about 40 kbp was investigated, which was 14 µm in length and 1.0 nm in radius in the solid state. The individual DNA molecules were observed by staining with a fluorescent probe. The DNA seemed to be a sphere in an aqueous solution, and its radius was calculated to be about 22 nm if the DNA was closely packed. Equation (4) means that the DEP field is proportional to the volume of a microparticle, but the single DNA molecules showed both positive and negative DEPs in lower and higher frequency ranges, respectively. 32 This dependence was similar to that of polystyrene microparticles. The intrinsic σp of DNA was considered to be much less than σm, and thus the positive α was not predicted by Eq. (5). The anomalously positive α of DNA could be explained by the dynamic diffusion cloud of ions in a similar way to the polystyrene microparticle, because DNA had a large number of negative phosphate groups.
Field flow fractionation (FFF) is a powerful technique for separating particles, because it can accept the various kinds of external fields. A non-uniform electric field was combined with the FFF in order to achieve a higher resolution in DEP separation, 33, 34 but the quadrupole electrode has not been used for FFF. We fabricated a DEP capillary having a quadrupole electrode of platinum wires in its inside wall. 29 The inner radius of the DEP capillary was 82.5 µm. Figure 10 displays a schematic illustration of the movement of microparticles in the DEP capillary. When a solvent is supplied to the DEP capillary by a pump from the right-hand side in Fig. 10(a) , a parabolic laminar flow is generated in the capillary. The linear velocity is fastest at the capillary center and it is lowest at the capillary wall. In a non-uniform electric field formed by the quadrupole electrode, the microparticle undergoes a positive or negative DEP forces depending on their dielectric properties. The microparticle migrates in the radial (xy) direction, and is carried to the z-direction by laminar flow at the same time. When a microparticle shows a negative DEP, it is carried faster by the laminar flow, and vice versa, as shown in Fig. 10(a) . A combination of DEP force and the laminar flow governs the elution time of microparticles. Figure 11 demonstrates the separation of two kinds of microparticles. Without any DEP field, the elution profiles of both polystyrene microparticles (1.5 µm and 7.3 µm in radius) were indistinguishable, as shown in Fig. 11(a) . Figure 11 9 Schematic drawing of the dynamic diffusion cloud of cations around a negatively charged microparticle. Cations around the microparticle can be moved by a longer distance at a lower frequency and a larger dynamic diffusion cloud is created (its radius is rDEP, upper). Cations can be slightly moved at a higher frequency (lower). displays one result under a DEP field at a lower frequency (1 kHz). 29 The larger microparticles were conveyed at the fastest velocity due to the negative DEP, which was caused by the intrinsic conductivity of the microparticles. The smaller ones were eluted slower due to the positive DEP, which was caused by the surface conductivity. The two kinds of polystyrene microparticles were separated by the difference in the surface conductivity. Polystyrene (1.5 µm in radius) and carbon microparticles (2.2 µm in radius) were also separated by this DEP-FFF at 1 MHz. 29 At this high frequency, the DEP of both microparticles depended on the intrinsic conductivity, that is, the negative DEP for the polystyrene microparticles (σp < σm) and positive DEP for carbon microparticles (σp > σm). 29 The polystyrene microparticles were eluted faster, and the carbon microparticles were eluted later. Furthermore, the elution of the double-stranded DNA (40 kbp) from the DEP capillary was controlled by the ac frequency. The elution of DNA was scarcely observed at the lower frequency (1 kHz), and the number of eluted DNA increased with an increase in the frequency. In the higher frequency range of 500 kHz -1 MHz, DNA was not trapped at all. In the lower f range, in which DNA showed positive DEP, the number of eluted DNA was decreased. 32 The DEP-FFF method will be effective for the fractionation of DNA and cells with different size and dielectric property.
Magnetophoresis

4·1 General principle of magnetophoresis
The potential energy of a particle with volume V and volume magnetic susceptibility χp under a magnetic field B can be written as
where µ0 is the vacuum magnetic permeability and χm is the volume magnetic susceptibility of the medium. Therefore, the magnetic force working on a particle can be written as
When a spherical particle is migrated in a liquid, the drag force expressed by Stokes' law works on the particle. Therefore, the magnetophoretic velocity can be expressed as
Thus, the magnetophoretic velocity is directly proportional to (χp -χm), r 2 , and (B·∇)·B.
4·2 Analytical separation techniques
Watarai and Namba demonstrated the magnetophoretic trapping separation of polystyrene latex particles and red blood cells by a magnetic force whose direction was parallel to that of the bulk flow. 35, 36 The configuration of magnets (Nd-Fe-B) and iron pole pieces is shown in Fig. 12 , which could generate a magnetic field gradient toward the flow direction. The maximum value of (B·∇)·B/2 of about 2000 T 2 m -1 should be the highest value to our knowledge as a magnetic field gradient generated by such a small permanent magnet. In the system shown in Fig. 12 , the difference in the magnetic susceptibilites between the particle and medium, (χp -χm), was negative, because the aqueous medium contained paramagnetic ion (Mn 2+ ). Therefore, the magnetic force worked on the particle toward the direction that the magnetic field became weaker, as predicted by Eq. (12) . Because the bulk flow was in the opposite direction (to the direction that the field became stronger), the particles were trapped at the position where the drag force by bulk flow was balanced by the magnetic force. Figure 13 indicates the magnetophoretic trapping of red blood cells. Changing the flow rate allowed us to control the trapping efficiency. Figure 14 shows the separation of three different sized polystyrene particles by this method. 35 Using this technique, bio-microparticles can be fractionated by size and the magnetic properties.
4·3 Microparticle analysis by magnetophoretic velocimetry
The magnetophoretic velocity is proportional to the volume magnetic susceptibility of the microparticle, as indicated by Eq. (13) . Hence, the velocity measurement can determine the magnetic susceptibility and more information can be obtained from the magnetic susceptibility, as discussed below.
Particle Tracking Velocimetry (PTV) and magnetophoresis of immunomagnetically labeled cells was combined by Zborowski et al. [35] [36] [37] [38] [39] [40] [41] They measured the magnetophoretic velocity of an individual labeled cell under an inhomogeneous magnetic field, and then the magnetophoretic mobility was determined. In their theoretical treatment, the magnetophoretic mobility depended on the number of magnetic labels. An immunomagnetic label, which was attached to the antibody, was bound to the cell by using antigen-antibody reaction. The number of labels was proportional to that of the antigens on the surface of the cell. Hence, the number of antigens on the cell surface could be determined from magnetophoretic mobility. Antibody Binding Capacity (ABC) was defined as the quantity representing how many magnetic nanoparticles could bind per single cell, and the difference of ABC between individual cells was investigated. 41 The magnetophoretic velocity of a macrophagic cell, which was fed by the magnetic nanoparticle, was investigated and the number of nanoparticles uptaken was determined quantitatively by Wilhelm and co-workers. 42 The number of magnetic particles in the cell was determined by the ferromagnetic resonance as well. The ferromagnetic resonance technique could measure only the average value, but the magnetophoresis could measure the number in an individual cell.
The magnetophoretic determination of a paramagnetic ion in a single emulsion droplet was demonstrated by Suwa and Watarai. 43 The magnetophoretic velocity of a manganese(II) aqueous microdroplet dispersed in 2-fluorotoluene was measured. The magnetic susceptibility was calculated by Eq. (13) . The magnetic susceptibility of a solution can be calculated by the sum of the products of the concentration and the molar magnetic susceptibility for each solute and solvent. Therefore, the concentration of manganese(II) could be determined from the magnetophoretic velocity. We named this method the Magnetophoretic Velocimetry. For a magnetic field gradient generated by a pair of small permanent magnets (0.4 T), the lower detection limit of manganese(II) was 10 -16 mol/droplet.
Recently, a superconducting high-field magnet (10 T) has been developed for commercial use; it has been used as a magnetophoretic velocimetry in order to generate high magnetic field gradient. 44 The magnetophoretic capillary cell was set between a pair of iron pole pieces, positioned in the bore of the superconducting magnet, where the magnetic field was most homogeneous and strongest. The value of (B·∇)·B/2 around the pole pieces was determined from the magnetophoretic velocity of polystyrene microparticles dispersed in a manganese(II) aqueous solution and the maximum value was determined to be 4.7 × 10 4 T 2 m -1 , which was almost 100-times larger than that attained by a small permanent magnet (0.4 T). Under a high magnetic field gradient, the magnetophoretic behavior of a single aqueous droplet, which contained MnCl2, was measured, as shown in Fig. 15 . The magnetophoretic velocity at the edge of the pole pieces was plotted against the concentration of MnCl2, as shown in Fig. 16 . The velocity divided by the square of radius is independent of the size, as expected from Eq. (13), provided that the magnetic susceptibility of the droplet is homogeneous. The magnetophoretic velocity was proportional to the concentration of Mn(II). The lower detection limit of manganese(II) was ∼10 -17 mol/droplet, in this system. It should be emphasized here that the magnetophoretic velocity of a water droplet could be observed in 2-fluorotoluene under a high magnetic field gradient, even when the volume magnetic susceptibilities of both water (χp = -9.01 × 10 -6 ) and 2- . A magnetic force worked the red blood cells to push downward, and the medium that contained 0.1 M MnCl2 flew upward. Therefore, the red blood cells were trapped at the position where the magnetic force balanced with the drag force due to the bulk flow. Pictures are shown at 3 s intervals from panels 1 to 6. fluorotoluene (χm = -8.19 × 10 -6 ) were negative.
Furthermore, the interfacial concentration of a paramagnetic complex, dysprosium(III) laurate, formed at the interface of a single droplet could be detected recently. 45 The magnetophoretic velocity of a 2-fluorotoluene droplet including lauric acid was observed in an aqueous solution of Dy(III) ion. The magnetic susceptibility of the droplet, calculated from the velocity, was proportional to the inverse of the size, as shown in Fig. 17 and clearly suggested the interfacial adsorption of Dy(III) complex. The interfacial concentration was estimated to be 2.6 × 10 -10 mol cm -2 . Thus, it was demonstrated that the magnetophoresis is highly useful not only for the separation of micro-particles, but also for the detection of the adsorbed species at the liquid-liquid interface.
Electromagnetophoresis
The general concept of electromagnetophoresis (EMP) is an application of Lorentz force to migration analysis. Electromagnetophoresis is a phenomenon that particles in an electrolyte solution migrate in the direction perpendicular to both a magnetic field and an electric current when an electric current is applied through a conductive fluid including particles in a homogeneous magnetic field perpendicular to the current. A basic theory of electromagnetophoresis had been proposed by Kolin in 1953 . 46 When the current of j (A m -2 ) flows through a conductive fluid of volume V (m 3 ) perpendicular to a magnetic field, the fluid invariably experiences a force, the Lorentz force, expressed as
where µ0 is the vacuum magnetic permeability (N s 2 C -2 ), µ the magnetic permeability of the fluid and H the magnetic field strength (A m -1 ). As the current passes through the conductive fluid under a magnetic field, the whole fluid experiences the force, and thus a pressure gradient is produced inside. Figure  18 shows a schematic drawing of this situation and the forces exerted on a particle in the fluid. When a current is applied through the enclosed conductive fluid in the homogeneous magnetic field, the force is exerted on both the fluid and the particles. If the force exerted on the fluid is equal to the one working upon the particles, no migration will appear. However, if the two forces are different, migration of the particles will be caused. The two forces working on a particle in Fig. 18 are called the electromagnetic weight (EMW) working on a particle, itself, and the electromagnetic buoyancy (EMB). FEMB is working opposite to FEMW. The amplitude of FEMB is equivalent to the force working on the fluid whose volume is equal to that of the particle (V). The elctromagnetophoretic force exerted on a particle in a closed cell, which has an inner section of S (m 2 ), is FEMW added by FEMB,
where B is the magnetic flux density (N A -1 m -1 ), σp the electric conductivity (S m -1 ) of the particle, σf the electric conductivity (S m -1 ) of the medium, and i the current (A). The electromagnetophoretic velocity (vEMP) of a spherical particle in 18 Schematic drawing of the electromagnetic weight (FEMW) and the electromagnetic buoyancy (FEMB) exerted on a particle. They are perpendicular to a homogeneous magnetic field (B) and to an electric current (i). The magnetic field is maintained at right angles to the current. the fluid is expressed as
where η is the fluid viscosity (Pa s), r the radius of the spherical particle (m), and CW is the viscous drag coefficient due to the surface of the wall. 47 The force exerted on small beads, such as glass, copper and zinc particles, was experimentally demonstrated by Kolin. 46 Karni et al. 48 and Masujima et al. 49 reported on the effect of the magnetic field on the electrophoresis of ions. Kolin proposed a method for the electrophoretic fractionation of particles suspended in a conductive liquid combined with the electromagnetophoretic rotation, 50, 51 Kolin et al. 52 and Nalbandias et al. 53 demonstrated electromagnetophoretic separation of biological cells. Furthermore, Kolin 46 and Rice and Whitehead 54 calculated the velocity of microscopic particles. However, the velocities of microscopic particles were not observed, only predicted.
In our laboratory, the electromagnetophoreric migration velocity of microparticles was measured for such as polystyrene (PS) particles (3, 15, 20 µm diameters) suspended in a 1 M KCl aqueous solution in a closed cell (250 × 250 µm inner section) using a rare-earth magnet (Nd-Fe-B) (0.1 -0.2 T). 53 The applied current was in the range from 50 µA to 300 µA. As a result, PS particles, which were insulator, were migrated in the direction of electromagnetic buoyancy. The observed migration velocity of PS particles was about 6 µm s -1 under the conditions that the particle diameter was 20 µm, the applied current was 250 µA and the magnetic field was 0.105 T. It was indicated that PS particles behaved like dielectrics, and the apparent conductivity of PS particles was calculated (Table 1) .
We investigated the electromagnetophoresis of micrometersized particles in a flow system under a high magnetic field up to 10 T generated by a superconducting magnet. 56 Therefore, we could observe the migration velocity induced by a force larger than that by permanent magnets. Figure 19 illustrates the apparatus for the observation of electromagnetophoresis in a capillary flow system under a high magnetic field. A square fused-silica capillary cell, which had 100 × 100 µm inner section and was 2 cm long, was set on the cell holder at the homogeneous magnetic field in the bore. Both edges of the fused-silica capillary cell were equipped with Ag | AgCl electrodes and connected with a PTFE tube. Using this apparatus, the electromagnetophoretic velocities of microparticles, such as polystyrene (PS), carbon, yeasts and red blood cells (RBCs), were measured, as shown in Table 1 , along with the diameters of the particles and medium used in the experiments. Figure 20 shows the electromagnetophoretic behavior of a PS particle with 20 µm diameter in the flow. The direction of the flow in Fig. 20 was from the right-hand side to the left-hand side. When a current was applied, the particle moved diagonally in the direction of flow by the combined flow velocity and the electromagnetic velocity. Figure 21 shows the migration velocities of particles in a fixed homogeneous magnetic field of 10 T.
The direction of the electrmagnetophoretic migration of polystyrene, yeasts and RBCs, which have lower conductivities than that of the medium, is in a complete agreement with that expected from Eq. (16 0.0107 ± 0.0011 σ σ σ σ σ Table 2 The desorption current of particles iD and the adsorption force between a particle and fused-silica surface FA calculated from Eq. (15) The adsorption force was normalized by the radius of particles. Typical electromagnetophoretic behavior of a polystyrene particle in the flow. The arrows show the direction of the applied current. The diameter of the polystyrene particle was 20 µm. A 1.0 M KCl solution was used as a conductive medium. The magnetic field was 10 T and the current was 10 µA. The flow velocity was 5 µl h -1 . This picture was reconstructed from images captured at a rate of 5 frames/second. direction of the electromagnetic buoyancy, though they have a higher conductivity than that of the medium. This result suggested that the migration of carbon particles was not governed by the intrinsic bulk conductivity, but by an apparent surface conductivity.
The apparent conductivities of microparticles calculated from Eq. (16) using the observed migration velocities are given in Table 1 . The conductivities of particles, calculated from the migration velocity were different from the intrinsic value. The observed behavior of particles proved that the electromagnetophoretic force was working even in the flow system in the same manner as observed in the closed cell. Also, it was indicated that various kind of particles could be separated due to their sizes and apparent conductivity.
The electromagnetophoretic force could be also used for measuring the adsorption force between particles and the wall of a fused-silica capillary. 57 Figure 22 schematically shows the adsorption-desorption behavior of a particle by the electromagnetophoretic force. By switching the direction of the current, a particle, once adsorbed by the electromagnetophoretic force, was desorbed by the reversed electromagnetophoretic force. The electric current required to desorb the particles from the wall was measured and the adsorption force was calculated using Eq. (15). Table 2 gives the average values of the desorbed current and the adsorption force of PS particles with 15 µm and 20 µm diameter and carbon particles with 20 µm diameter, calculated from Eq. (15) . The adsorption force of polystyrene particles was lager than that of carbon particles. The adsorption forces of PS particles divided by the radius were almost constant regardless of the size as shown in Table 2 . The adsorption force of PS particles would be mainly governed by van der Waals force, represented by 58
where A is the Hamaker constant (J ) and D is the distance between a surface and a particle surface (m). This method is promising as a non-contact adsorption-force measurement method with a high sensitivity of pN. This sensitivity is much higher than that of the ordinary AFM method. The desorption-adsorption behavior control by the electromagnetic force is now being applied to the chromatographic separation of microparticles in a capillary flow system. 59 
Conclusion
New migration methods of the laser photothermal conversion photophoresis, the dielectrophoresis, the magentophoresis and the electromagnetophoresis, which were all developed in our laboratory, were reviewed. The analysis of micro-particles in a liquid is a very important subject in various fields, including biotechnology, environmental monitoring and material industries. These new methods will be applied in the wide fields in the very near future.
In particular, magnetophoresis does not generate any heat. Therefore, it is highly promising for the analysis of biological micro-particles. Fig. 21 Electromagnetophoretic velocity of microparticles at various applied currents. The magnitude of the homogeneous magnetic field was 10 T. Plots were (a) PS particles with 10 µm diameter, (b) red blood cells, (c) PS particles with 6 µm diameter, (d) yeasts and (e) carbon particles with 6 µm diameter. Fig. 22 Schematic illustration of the adsorption-desorption control of a particle in liquid by electromagnetophoretic force by switching the direction of the applied current.
